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The transfer of invasive organisms by ballast-water discharge has become a 
growing concern. UV treatment has become an attractive ballast water 
treatment technology due to its effective, no harmful disinfection byproducts 
and easy to handle. Two robust algae strains Microcystis viridis and 
Tetraselmis suecica were selected as indicator organisms to determine 
efficiency of medium-pressure (MP) UV-treatment on ballast water. 
Inactivation and potential repair of these two algae strains following UV 
irradiation were assessed under various turbidity, TOC and salinity conditions. 
The range of UV doses was from 25 to 500 mJ/cm2. For M. viridis, results 
indicated that disinfection efficiency was negatively correlated with all of 
these three factors at low doses (25-200 mJ/cm2). Photoreactivation and dark 
repair were promoted at high TOC levels (6-15 mg/L) with about 6-25% 
higher repair levels compared with those in distilled water, whereas no 
significant impacts were identified for turbidity and salinity. For T. suecica, 
increased turbidity and TOC levels both hindered the effect of UV irradiation 
at high doses (200-500 mJ/cm2). Suppressive effect on photoreactivation and 
dark repair was consistently observed with changes of all of the three factors. 
In conclusion, generally these three factors result in repressive effects on UV 
disinfection efficiency, and TOC plays a more significant role in the levels of 
reactivation than the other two. The response of T. suecica to these three 
factors is more sensitive than M. viridis. 
Keywords: Microcystis viridis, Tetraselmis suecica, UV disinfection, 
photoreactivation, dark repair 
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Ballast water is water carried by ships to ensure stability, trim and structural 
integrity. But by this way, it has became a primary vector for transference of 
various species around the world, which has negative impacts on the 
environment through factors such as competition for food, altered 
substrate/ambient temperature and light availability (Sutherland et al., 2001).  
 
Ballast water treatment technologies are divided into two broad categories of 
chemical and physical methods. For chemical disinfection methods, oxidising 
and non-oxidising biocides have been adopted for water and waste-water 
treatment. However, the production, storage and use of chemicals raise 
questions on long-term harmful effects on the environment and personnel. 
Amongst the physical technologies, most of the solutions employ a filtration 
pre-treatment and followed by a form of disinfection. Physical disinfection 
methods have issues similar to chemical disinfection methods on species 
elimination, but their intensities are comparatively less. Production, storage 
and harm to personnel appear to be non-issues.  
 
UV radiation, a tried, tested method in water/waste water management has 
been adopted, accounting for almost 25% of the current installations (Lloyd’s 
Register, 2010). It is very effective to kill most of the organisms carried by the 
ballast water: invertebrates and their eggs, plants, cysts and larvae of various 
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species, bacteria, zooplankton, phytoplankton and other microbes. Among 
these microbes, microalgae is more resistant to UV radiation and if it was not 
treated well, algal bloom can break out, which will generate algal toxin. Hence, 
the treatment of microalgae in the ballast water has received considerable 
attention through the world in these decades. 
 
There are several factors affecting UV inactivation and repair after 
inactivation, such as turbidity (Hu et al., 2007; Passantino et al., 2004), salinity 
(Oguma et al., 2013; Rubio et al., 2013) and TOC (Cantwell et al., 2008; Ou et 
al., 2011; Templeton et al., 2006). However, the effects of these factors on the 
UV inactivation and repair of microalgae are still little studied. Many water 
treatment plants favour MP UV disinfection over low-pressure (LP) UV 
disinfection because of its higher radiation efficiency and less 
photoreactivation and dark repair. Nevertheless, the actual mechanism for 
these phenomena has not been elucidated yet, which needs to be further 
explored. 
 
1.2 Objective and scope of study 
 
In this thesis, the inactivation and repair of M. viridis and T. suecica following 
MP UV disinfection was examined. The specific objectives are set to identify 
and compare the effects of turbidity, TOC and salinity on the inactivation 
ability and repair potential of these two microalgae following UV disinfection. 
Testing methods include TDFS (three-dimensional fluorescence spectroscopy), 
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RT-PCR (real-time polymerase chain reaction) and ELISA (enzyme-linked 
immunosorbent assay).  
 



















Fig. 1-1  Schematic diagram showing various phases of research study 
 
Inactivation and repair study of Microcystis viridis 
and Tetraselmis suecica following MP-UV irradiation 
Phase 1 
Effects of environmental 
factors on disinfection of 
M.viridis and T.suecica 
Phase 2 
Effects of environmental 
factors on repair of 
M.viridis and T.suecica 
 
Irradiation by fluorescent lamp or 




ELISA MP radiation of M.viridis and 
T.suecica under different turbidity, 
TOC and salinity conditions 
Cultivation of M.viridis and 
T.suecica and draw the growth curve 
 




1.3 Main Innovation Points 
 
1) The effects of these factors (turbidity, TOC and salinity) on the UV 
inactivation and repair of microalgae are still little studied. Given a 
different sensitivity to environmental stressors between species (Liu and 
Zhang, 2006) and within a species (Gao and Williams, 2013), there is a 
need for elucidating the effects of several factors such as turbidity, TOC 
and salinity on the inactivation and repair of microalgae for comparison 
with the previous work. 
 
2) M. viridis (5 μm) and T. suecica (9.5 μm), were selected as indicators of 
cyanobacteria and chlorophyta respectively to highlight potential different 
responses between species. At present there is no discharge standard for 
the majority of bacteria and eukaryotes <10 μm in ballast water. Hence, 
the aim of the present work was to point out the efficiency of MP UV 
lamp toward inactivation of M. viridis and T. suecica for better controlling 







CHAPTER 2      LITERATURE REVIEW  
 
2.1 The need for ballast water treatment 
 
When a ship is empty of cargo, it fills its tanks with ballast water to ensure 
safe navigation. Undesirable non-native organisms are introduced into ports 
throughout the world by the release of ballast water, which appears to be the 
world’s largest invasion vector (Ruiz et al., 1997). They can cause changes in 
biodiversity, reconstructing of the food web, and directly impact the society 
and human health by affecting the fisheries and causing health hazards (Anil et 
al., 2002). For example, Cholera infections could result from discharge of 
ballast water (McCarthy and Khambaty, 1994).  
 
Additionally, according to many reports, the shifts have been increasing. An 
Australian study indicates a shift of more than 200 species (Hewitt, 2000) and 
another estimate indicates that, on a daily average, over 3000 species are 
carried on board ships (Pereira et al., 2010). The consequences could be 
extinction of species, ecological imbalance, damages to port structures, etc.  
 
According to the Ballast Water Convention, the International Maritime 
Organisation (IMO, 2004) has set Ballast Water Exchange Standard. The 
discharge standards for living organisms in ballast water are based upon size, 
and for organisms ≥10 and <50 μm, discharged water mus t contain fewer than 
10 individuals per mL of water (IMO, 2004). For organisms <10 μm, the 
limits are determined by culturing two coliform bacteria and detecting a 
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pathogen (i.e., Vibrio cholerae). However, there is no discharge standard for 
the majority of bacteria and eukaryotes <10 μm in ballast water at present.  
 
As full ratification of the Treaty is pending, many treatment technologies have 
been emerging and only effective treatment of ballast water can bring down 
the species to innocuous levels.  
 
2.2 Ballast water treatment technologies 
 
Technologies for ballast water treatment technologies are divided into two 
broad categories: chemical and physical methods. 
 
For chemical disinfection methods, oxidising and non-oxidising biocides have 
been adopted from water and waste-water treatment experience. Chlorination 
has been the most preferred in potable water systems. Bacteria elimination 
efficiencies of 85.2 % for Escherichia coli and 99.85% for anaerobic bacteria 
have been recorded from ballast-water tests using hypochlorite (Zhang et al., 
2003). However, the production, storage and use of chemicals raise questions 
on long-term harm to the environment and personnel. Firstly, disinfection by-
products (DBPs) could cause environmental and health harm. The next issue is 
the over-effectiveness of chemicals. While trying to eliminate harmful 
organisms, many harmless organisms also will be terminated. Chemical 
discharges apart, effectiveness against some target organisms and compliance 
with discharge regulations at various ports are other issues against chemical 
usage (Tsolaki and Diamadopolulos, 2010).  
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Amongst the physical technologies, most of the solutions employ a pre-
treatment with filtration followed by a form of disinfection. Disc stack and 
cartridge-type filtration systems, removing organisms between 10-50µm have 
been employed. The efficiencies of such physical filtration have been >91% 
(Parsons, 2003). Physical separation technologies of filtration, hydrocloning 
followed by UV have been reported for efficiencies from 95% for 
dinoflagellates to 8.3% for nauplius larvae (Tsolaki and Diamadopoulos, 
2010). Filtration techniques are the simplest in approach for typical organism 
sizes ranging from 25-50 µm (Taylor and Rigby, 2001) and footprints are as 
low as 3.5 m2 to 18 m2 for combination systems such as filtration-UV (Lloyd’s 
Register, 2010). Physical disinfection methods have issues similar to chemical 
methods on species elimination, but their intensities are comparatively less. 
Production, storage and harm to personnel appear to be non-issues.  
 
The comparison of these two kinds of technologies indicates that physical 
disinfection methods are favoured to be used because of their comparatively 
less harmful to the environment and personnel. 
 
2.3 UV radiation 
 
UV radiation is frequently used for the disinfection of ballast water 
(Sutherland et al., 2003; Wright et al., 2007) as well as wastewater 
(Lindenauer and Darby, 1994), drinking water (Wolfe, 1990) and reclaimed 
water (Tang et al., 2006). Solsona and Méndez (2003) reported that a 
minimum exposure (in the water) of 30 mJ/cm2 was enough to inactivate 
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pathogenic bacteria and viruses, but perhaps not enough for certain pathogenic 
protozoa, protozoan cysts and nematode eggs that can require up to 100 
mJ/cm2 for total inactivation.  
 
2.3.1 History of UV disinfection  
 
UV disinfection was first discovered over a century ago when the disinfection 
effects of UV light from the sun was reported (Downes and Blunt, 1877). 
Around the same time, the doctors found the importance of disinfection in 
preventing the disease from spreading. However, the disinfection effect of the 
sun itself was not high enough to effectively decontaminate water on a large 
scale for consumption. So, there must be some ways to get the effective 
disinfection methods.  
 
Mercury vapour lamp was developed in 1901, and four years later quartz was 
found to be the ideal lamp envelope for UV lamps. Around the same time, UV 
radiation for drinking water disinfection was first adopted in Marseilles 
(Clemence, 1911). Later, this technology was applied in Kentucky, Ohio and 
Kansas for the production of potable water (Masschelein, 2002). However, 
because of the high cost and reliability problems of these early UV 
disinfection equipments, this technology was developed much slowly (Baruth, 
2004).  
 
The research has focused on the mechanisms of UV light inactivation since 
1950, and the UV disinfection technology become popular again (Kelner, 
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1950; Powell, 1959). Owing to this, the first reliable application of UV 
disinfection of potable water occurred in Switzerland and Austria in 1955. In 
the 1970s, the by-products (DBPs) were discovered in water disinfected by 
chlorine and organic compounds. These DBPs was reported to cause harmful 
effect on human health, which induced UV disinfection as an alternative 
technology to chlorination, and therefore many water treatment plants all over 
the world started installing UV disinfection system for potable water 
generation.  
 
However, during that period, it is impossible for UV disinfection technology 
to disinfect emerging pathogens such as Cryptosporidium parvum at practical 
doses (Ransome et al., 1993). In the mid-1990s some researchers found that 
relatively low UV doses of irradiation could inactivate these pathogens, which 
propelled the development of this technology to greater heights (Clancy et al., 
2000). Moreover, UV disinfection technology is recommended by the United 
States Environmental Protection Agency (USEPA) to help water authorities 
design, monitor and manage UV disinfection systems for drinking water 
treatment, as set out in the UV Disinfection Guidance Manual (USEPA, 2006). 
By the year of 2002, UV disinfection technology has been applied in more 
than 3000 drinking water facilities in Europe. For America, UV disinfection 
technology was also adopted in many treatment plants and the number of such 





2.3.2 Definition of UV disinfection  
 
UV radiation is the part of the electromagnetic spectrum between the visible 
spectrum and X-rays, with wavelengths in the range of 100-400 nm (Fig. 2-1). 
Within the short wavelength range for UV radiation, the spectrum is further 
divided into four sub-regions (USEPA, 1999) as described in Table 2-1. 
 
Gamma 
rays X-rays Ultraviolet 
Visible 





                               100                 400 
Wavelengths (nm) 
Fig. 2-1  Electromagnetic Spectrum 
(Wright and Cairns, 1998) 
 





UV-A  315 – 400  Also known as near UV  
UV-B  280 – 315  Also known as medium UV  
UV-C  200 – 280  Germicidal range; also known as far UV  
Vacuum 
UV  100 – 200  Strongly absorbed by water and air  
 
UV-A region has the longest wavelengths and is the least harmful category of 
UV radiation because of its low energy (Bolton, 1999).  However, it can also 
cause some loathsome disease such as skin tanning and ageing (Yin et al., 
2001). UV-B region has shorter wavelengths than UV-A region and can cause 
much more harmful disease such as skin cancer because of its ability to cause 
DNA damage and cell mutations (Abarca and Casiccia, 2002). UV-C region 
has shorter wavelengths than UV-B, but since most of its part is absorbed by 
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ozone layer, its harmful action to the living organisms on the earth is 
prevented. However, this region has much higher level of energy and it can be 
strongly absorbed by biomolecules (Tyrell, 1996), which contributes to 
producing the most lethal and significant amount of damage to inactivate 
pathogens. Now, the UV-C range is recognised as germicidal range and the 
use of UVC has caused great interest in UV disinfection technology, including 
the inactivation of bacteria (Coohill and Sagripanti, 2008), viruses (Hu et al., 
2007), protozoan (oo)cysts (Hijnen et al., 2006) and phytoplankton species 
(Tao et al., 2010). In addition, the UV-C equipment is simple in structure and 
easy for operation and maintenance, hence it is possible to be shipborne.  
 
2.3.3 UV radiation sources 
 
The element typically used in UV lamp is mercury, because the energy 
released by excited mercury atoms result in the emission of UV radiation in 
the germicidal range (Baruth, 2004). The two most commonly used mercury 
UV lamps are the MP and LP mercury UV lamps, the former emitting a broad 
spectrum of wavelengths in the UV radiation region ranging from 200 to 400 
nm (Masschelein, 2002), whereas the latter monochromatic UV radiation at 
254 nm. The emission spectra of LP and MP UV lamps are illustrated in 
previous research of our group (Guo et al., 2010). Masschelein (2002) found 
that LP UV lamps are fully operational for at least one year under normal 
operating conditions. However, because of the relatively low intensity of LP 
UV lamps, the number of lamps should be large enough in practical 
applications. MP UV lamps was developed in the last decade, and the mercury 
 12 
 
gas inside is subject to considerably higher pressure to generate higher 
intensity (Bolton, 1999). Malley (1999) found that a single MP UV lamp has 
the same disinfection capacity as 25 LP UV lamps because of its higher 
intensity, which makes the MP UV lamps become a cost-effective alternative 
to LP UV lamps. Since the 1990s, MP UV lamps have become more and more 
popular and the number of water treatment plants applying these lamps in UV 
disinfection systems continues to increase.    
 
Two alternatives of UV sources to traditional UV lamps are the use of 
flashlamps such as pulsed xenon or pulsed krypton lamps and UV LEDs (light 
emitting diodes), both of which are mercury free. Flash-type UV lamps 
intermittently emit high energy and a wide range of UV lines and has 
previously been shown to be effective against a range of bacteria (Lee et al., 
2009; Rowan et al. 1999) as well as viruses (Lamont et al., 2007). Typically 
pulsed UV-light sources generate a broad wavelength spectrum ranging from 
100 to 1100 nm consisting of ultraviolet, visible, and infrared radiation 
(Krishnamurthy et al., 2007). An additional inactivation of E. coli was 
achieved during exposure to visible light after pulsed UV at 9.0 mJ/cm2, 
exerting suppressive effects on the photoreactivation process, which is in 
contrast to the results obtained with MP or LP UV lamps (Lee et al., 2009). 
UV LEDs can emit light at multiple individual wavelengths within a very 
narrow wavelength distribution range, which enables the flexibility of 
customizing most effective wavelength according to demand. Many studies 
have reported using UV LED to inactivate different organisms such as total 
coliform (TC) and E. coli (Nelson et al., 2013), B. subtilis (Würtele et al., 
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2011), viruses (Bowker et al., 2011) and phytoplankton (Choi et al., 2009) and 
real wastewater containing mesophilic bacteria, fecal enterococci, total 
coliforms and fecal coliforms (Chevremont et al., 2012).  
 
2.3.4 Mechanism of UV disinfection  
 
The effectiveness of UV disinfection is mainly due to the absorption by DNA 
of UV photons between 200-300 nm, with peak absorption at 260 nm. This 
absorption of energy damages DNA by altering nucleotide base pairing 
between complementary strands to create new linkages between adjacent 
nucleotides on the same strand (Zimmer and Slawson, 2002). Generation of 
thymine bases dimmers in DNA will obstruct the conformation of the double 
helix and interfere with normal DNA replication (Harris et al., 1987). The two 
major types of DNA lesions induced by UV-C (200-280 nm) and UV-B (280-
320 nm) are cis-syn cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6-
4) pyrimidone photoproducts (6-4PPs) (Thoma, 1999). In addition, UV-A 
(320-400 nm) radiation is also capable of inducing mutations in organisms by 
exciting photosensitive molecules inside the cell to produce active species 
such as oxygen radical, H2O2 and *OH, which damage the genome and other 
intracellular molecules and cause lethal and sub-lethal effects such as 
mutations and growth delay (Oguma et al., 2002).  
 
Other than DNA, proteins and enzymes containing unsaturated bonds can also 
absorb UV-C and UV-B (Kalisvaart, 2001). Such pervasive damage in 
organisms would further suppress their reactivation after UV irradiation and 
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could be a reason why MP UV systems are observed in practice to achieve 
better disinfection than LP UV systems.  
 
2.3.5 UV disinfection systems  
 
The collimated beam system and the flow-through system are two common 
types of disinfection systems, which are shown in Figs. 2-2 and 2-3 
respectively.  
 
The collimated beam systems are bench-scale systems used in UV disinfection 
experiments. As shown in Fig. 2-2, a single UV lamp (LP or MP lamp) is 
placed inside a steel housing in the collimated beam system to protect users 
from UV radiation. The UV light from the lamp passes through a collimating 
tube to the samples on the magnetic stirrer, with a shutter controlling the 
passing light. The sample should be stirred before irradiation to ensure its 
homogeneity. The UV dose that delivered to the samples can be changed by 
varying the UV light intensity and exposure time.  
 
Easy interchange of LP and MP UV lamps contributes to studying these two 
lamps together, which makes this system very popular in laboratories for 
bench-scale experiments. Additionally, UV doses can be calculated exactly by 
testing the dimensions of the reactor and the UV intensities, and the dose 
response data obtained are commonly used as a basis for determining the 





Fig. 2-2  Schematic diagram of a typical bench-scale setup with the collimated 
beam UV system (Quek, 2008) 
 
The flow-through systems are continuous disinfection systems used in UV 
full-scale applications. As presented in Fig. 2-3, the lamps are enclosed in a 
UV reactor which is attached to various types of equipment for operation, and 
water can be disinfected by UV radiation when flowing through.  
 
The lamp sleeves protect the lamps from direct contact in the water. Light 
intensity sensor and temperature sensor are used to monitor the performance 
of the UV reactor. Computational ﬂuid dynamics (CFD) is widely used in UV 
disinfection processes as a design tool for UV reactors and to assess UV 
reactor performance and has attracted much attention (e.g., Chen et al., 2011; 
Wright and Hargreaves, 2001). The effects of design and operating parameters 
such as reactor shape and size, water ﬂow rate, UV intensity and lamp 
arrangement are critical in the design and optimization of UV disinfection 






Fig. 2-3  Schematic diagram of a flow-through UV disinfection system 
(USEPA, 2006) 
 
2.4 Factors affecting UV disinfection 
 
2.4.1 UV transmittance (UVT) 
 
UVT measures the amount of UV light absorbed by the water itself.  
Transmittance decreases in the presence of inorganic ions (Rubio et al., 2013) 
and particulate matter (Linden and Darby, 1998) that either absorb or scatter 
UV light. Several reports have shown that higher UV absorbance could cause 
a lower degree of disinfection (Scheible and Bassell, 1981; Whitby and 
Palmateer, 1993), indicating that the UV absorbance is an important factor that 
affects the disinfection efficiency of UV lamps.  
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2.4.2 Total suspended solids (TSS)  
 
Suspended solids (SS) can shield microorganisms against UV irradiation. The 
protection by particles is directly related to the number, distribution of sizes, 
bacterial density, and chemical composition of the particles, which contribute 
to an increased UV demand. Walters et al. (2014) investigated the impact of 
TSS on UV inactivation rates for E. coli and enterococci, and found that the 
UV inactivation rates decreased as the TSS levels increased for both of them 
associated with the particle fractions dp≤12 μm and 12<dp≤ 63 μm, whereas no 
correlation was seen for the fraction larger than 1,000 μm. Qualls et al. (1985) 
found that higher TSS concentrations with a diameter of 40 μm or greater 
resulted in the larger number of fecal coliforms surviving a UV dose of 26 
mJ/cm2.  
 
2.4.3 Intrinsic resistance of microorganisms  
 
Previous studies have demonstrated that UV sensitivity often varies across 
species (Coohill and Sagripanti, 2008; Hijnen et al., 2006) and different strains 
of one species (Malley et al., 2004; Sommer et al., 1998, 2000a). Coohill and 
Sagripanti (2008) reviewed the 254 nm UV inactivation behavior of 38 
bacteria and three bacterial spores, and found that spores of B. anthracis, B. 
subtilis and B. megaterium were 5-10 times more resistant to UVC than were 
their corresponding vegetative cells, and the sensitivity of all vegetative 
bacteria ranged from 1.1 to 8 mJ/cm2 for 1 log reduction and from 2.5-20 
mJ/cm2 for 4 log reduction. Hijnen et al. (2006) provided detailed information 
for the relation between the inactivation of micro-organisms including viruses, 
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bacteria and protozoan (oo)cysts, and found that the most persistent organisms 
known are viruses, specifically Adenoviruses, and bacterial spores. From the 
protozoa Acanthamoeba was highly UV resistant. Bacteria and (oo)cysts of 
Cryptosporidium and Giardia are more susceptible with a dose requirement of 
20 mJ/cm2 for an microbial inactivation credit (MIC) of 3 log.  
 
2.5 DNA repair after UV disinfection 
 
The organisms with nucleic acid damage induced by UV radiation may still 
perform some activity such as respiration and bacterial electron transport 
(Blatchley et al., 2001), thereby highlighting the importance of considering 
repair processes after UV disinfection. DNA repair mechanisms are now 
considered fundamental for organisms, which is not surprising in view of the 
fact that UV light is an ever present environmental factor for many organisms, 
and counteraction to its potentially destructive effect must provide a 
considerable selective advantage. The repair processes can be classified into 




Photoreactivation involves the use of light in DNA repair process. Sancar et al. 
(1987) found that photoreactivation could use UV light between 300 to 500 
nm to repair the DNA damage, in particular, the CPDs. Oguma et al. (2001) 
revealed that up to 80% of the CPDs in DNA were photoreactivated  after UV 
disinfection. CPD photolyase and (6-4) photolyase are involved in 
 19 
 
photoreactivation for CPD and (6-4) photoproducts, respectively, these major 
types of DNA lesions (Kanai et al., 1997).  
 
The process of photoreactivation is shown in Fig. 2-4.  
 
 
              (a)                          (b)                            (c)                            (d)  
Fig. 2-4   The process of photoreactivation. (a) DNA containing CPD, (b) 
Binding of photoreactivating enzyme (PRE) to CPD, (c) Absorption of light 
by PRE, (d) Splitting of dimer and release of PRE 
(Quek, 2008) 
 
As seen in Fig. 2-4a, CPDs in DNA was generated by UV inactivation. 
Afterwards, CPDs in DNA combines with a photoreactivating enzyme (PRE) 
to form PRE-dimer complex (Fig. 2-4b), and the rate at which each PRE binds 
to the pyrimidine dimer is dependent upon temperature, pH and ionic strength. 
The complex releases PRE and the repaired monomerized dimer under a 
favorable light wavelength range (>300 nm) (Fig. 2-4c), and therefore the PRE 
is free again to combine with another CPDs (Fig. 2-4d). The extent of 
photoreactivation is determined by the number of PRE-dimer complex.  
 
2.5.2 Dark repair 
 
Dark repair is the process in which the inactivated pathogens can be 
reactivated without a reactivating light. The most common in the dark repair is 
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excision repair, two major subpathways of which are base excision repair 
(BER) and nucleotide excision repair (NER) with the help of a number of 
glycosylases and polymerases, respectively. The three formal steps of excision 
repair are damage recognition, dual incisions, and repair synthesis and ligation 
(Sancar, 1996). For BER, the base is cleaved and removed from the 
deoxyribose backbone, and then the gap is filled to repair the patch (Sancar, 
1996). For NER, a wide range of DNA distorting lesions including CPDs and 
6–4PPs are removed. NER is less specific than BER in DNA repair, and is 
versatile enough to be able to repair a broad spectrum of DNA damage 
(Grossman and Kovalsky, 2001). Further research is necessary to understand 
the role of dark repair, given that long contact times in the dark was a 
characteristic of ballast transport and there is limited exposure to light in the 
distribution system.  
 
2.6 UV disinfection and DNA repair of microalgae  
 
2.6.1 Introduction of microalgae 
 
Microalgae are unicellular micro-organisms typically found in marine or 
freshwater systems (Richmond, 2008). Their sizes range from a few 
micrometers to hundreds of micrometers. Microalgae do not have stems, roots 
or leaves unlike higher plants, but they account for approximately 50% of the 
oxygen production via photosynthesis. Microalgae are resistant to UV 
radiation and if not treated well within ballast water, algal bloom can break out, 
which will cause undesirable taste and odor to the water and generate algal 
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toxin. Hence, the treatment of microalgae in the ballast water has received 
considerable attention through the world in these decades. In this thesis, two 
robust microalgae strains M. viridis and T. suecica were selected as indicator 
organisms to determine efficiency of MP UV-treatment on ballast water. Their 
scientific classification was shown in Table 2-2. 
 
Table 2-2  Scientific classification of M. viridis and T. suecica 
Species  M. viridis  T. suecica  
Domain  Bacteria Eukaryota  
Kingdom  Eubacteria  Viridiplantae  
Division  Cyanobacteria  Chlorophyta  
Class  Cyanophyceae  Chlorophyceae  
Order  Chroococcales  Volvocales  
Family  Microcystaceae  Chlamydomonadaceae  
Genus  Microcystis  Tetraselmis  
 
Cyanobacteria (blue-green algae) are usually found in lakes, ponds, rivers and 
brackish waters throughout the world, and Microcystis is a genus of freshwater 
cyanobacteria (Neilan et al., 1997). Accumulated cyanobacterial cells produce 
large amount of toxin compounds (Falconer et al., 1999) causing toxicity in 
human being and organisms (van Apeldoorn et al., 2007; Zhang et al., 2009). 
Microcystis cells are spherical or hemispherical after division and pale blue-
green, but they appear brownish due to aerotopes that mask the blue-green 
color of the protoplast.  
 
Tetraselmis is a large green flagellate with a very high lipid level. It also 
contains natural amino acids that stimulate feeding in marine animals. 
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Tetraselmis is a sizeable genus (more than 50 species) of green flagellates. 
The genus Tetraselmis is one of the most widely used microalgae in 
mariculture for feeding marine herbivores or food chain for marine larvae, due 
to its ability to grow under a wide range of physical and chemical environment 
conditions. The marine microalgae T. suecica tolerates a wide range of salt 
concentrations (Fabregas et al., 1984) and light environments (Borghini et al., 
2009), giving this species an ecological advantage in changing coastal 
environments and may help to explain its widespread distribution.  
 
2.6.2 UV disinfection of microalgae 
  
The history of UV disinfection of microalgae dates back to the 1990s, when 
researchers explored the way to inactivate large numbers of red tide plankton 
by UV radiation. Suppression of fresh water microalgae Peridinium bipes and 
several marine microalgae including Heterosigma akashiwo, Chattonella 
marina and Gymnodinium mikimotoi by UV radiation was elucidated in a 
mesocosm installed in a reservoir (Iseri et al., 1993, 1995).  Tao et al. (2010) 
assessed cell integrity change of green algae species (Chlorella ellipsoidea, 
Chlorella vulgaris, and Scenedesmus quadricanda) before and after UV-C 
irradiation, and found that the effects of UV-C irradiation on green algal 
growth were limited except C. ellipsoidea exposed to UV-C irradiation at 200 
mJ/cm2, and UV-C irradiation did not cause severe membrane disintegration 




For cyanobacteria, LP and MP UV lamps are an alternative to prevent 
cyanobacterial blooms in lakes and reservoirs. Bin Alam et al. (2001) selected 
M. aeruginosa as test species to study the direct (growth and survival) and 
indirect effect of LP UV-radiation and found a UV dose of 37 mJ/cm2 could 
control the algal reproduction for about 7 days, and that UV radiation of algal 
extracellular products produced significant residual effect on the growth of 
algae, the extent and duration of which were UV dose dependent. Sakai et al. 
(2007a, b, 2009) reported that LP and MP UV radiation treatment can inhibit 
both Microcystis growth and microcystins release, and a mathematical model 
consisting of a cell number model and a microcystins model was developed to 
describe the proﬁles of M. aeruginosa cell number and microcystins 
concentration in water. Tao et al. (2010, 2013) confirmed the suppression 
effects of UV-C irradiation on M. aeruginosa, and found that both light-
harvesting and photochemical interruptions result in growth suppression. 
However, Cheng et al. (2009) found that UV irradiation at typical water 
treatment dosages was observed not to achieve Cylindrospermopsis 
raciborskii inactivation, showing a different UV sensitivity between species.  
To the best of our knowledge, information on the response of M. viridis to MP 
UV inactivation is quite scarce. 
 
For Tetraselmis, Liltved et al. (2011) investigated the dose-response behavior 
of T. suecica to LP UV radiation, and found that an UV dose of 100-150 
mJ/cm2 was required for 90% inactivation. Choi et al. (2011) analyzed the 
disinfection characteristics of Tetraselmis sp. (10-50 μm) by UV LED with 
three peak wavelengths consisting of 255 nm, 265 nm, and 280 nm, and found 
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that the highest disinfection efficiency (89-93 %) was obtained  at 265 nm. 
Park and Han (2009) reported that after exposure to UVB radiation, the 
photosynthetic quantum yield of T. suecica reduced by 90%, whereas Montero 
et al. (2002) found no significant inhibition in the effective quantum yield in T. 
suecica after daily exposure for 4 h over a 4-day period with daily increasing 
doses of UVB.  For T. suecica, there is no information about the efficiency of 
MP UV disinfection.  
 
2.6.3 Repair of microalgae after UV disinfection 
 
Cyanobacteria cope with UVR either through a combination of  repair 
mechanisms such as photoreactivation, dark repair (excision repair and 
recombinational repair),  SOS response and apoptosis/programmed cell death 
(PCD) or by production of certain  UV-absorbing/screening compounds such 
as mycosporine-like amino acids (MAAs) and  scytonemin (Rastogi and Sinha, 
2011). Previous studies have showed that the inhibitory effect of different UV 
sources including LP (Sakai et al., 2011; Tao et al., 2010), MP (Sakai et al., 
2011) and UVB (Kumar et al., 2003) on growth and photosynthesis is greatly 
reduced in the presence of fluorescent light. Growth suppression and cellular 
recovery may be mediated by DNA repair and photosynthetic responses, 
considering that DNA and photosynthesis are recognized as two major action 
sites in UV inactivation of the cyanobacteria (Babele et al., 2012; Sakai et al., 
2007). Blue light was more effective in photoreactivation in contrast to other 
light wavelength band as well as in darkness (Han et al., 2001; Kumar et al., 
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2003). In addition, there is certain positive evidence for dark repair in 
cyanobacteria (O'Brien and James, 1982).  
 
For Tetraselmis, there has not been a serious attempt in the literature to study 
the repair potential after LP and MP exposure, although it has been reported 
that T. suecica is capable of repairing its UV-damaged photosynthetic system, 













In this study, two robust microalgae strains M. viridis and T. suecica were 
selected as indicator organisms to determine efficiency of MP UV-treatment 
on ballast water. M. viridis was obtained from Freshwater and Invasion 
Biology Lab (FIBL) and T. suecica was provided by Tropical Marine Science 
Institute (TMSI) at National University of Singapore. The cultivation medium 
for M. viridis and T. suecica are MLA (Bolch and Blackburn, 1996; Table 3-1) 
and F2 medium (Guillard and Ryther, 1962; Table 3-2) respectively. These 
two microalgae were cultured in cell culture flask on the cultivation shelf at 25
±1 °C under a photoperiod of 12 h of light and 12 h of dark (12 L:12 D) 
photoperiod at 3000~4000 lux (Fig. 3-1).  
 
 
Fig. 3-1   Cultivation condition for microalgae 
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Table 3-1  MLA Medium 
Component Milligram per litre distilled water 
NaHCO3 16.900  
CaCl2·2H2O 29.400  
NaNO3 170.000  
MgSO4·7H2O 49.400  
K2HPO4·H2O 34.800  
H3BO3 2.470  
H2SeO3 0.001  
Na2-EDTA 4.360  
FeCl3·6H2O 1.580  
CuSO4·5H2O 0.010  
ZnSO4·7H2O 0.022  
CoCl2·6H2O 0.010  
MnCl2·4H2O 0.360  
Na2MoO4·2H2O 0.006  
Thiamine HCl (vit. B1) 0.100  
Cyanocobalamin (vit. B12) 0.0005  
Biotin (vit. H) 0.0005  
 
 
3.2 Growth curve of microalgae  
 
These two microalgae were firstly incubated in fresh sterile liquid medium. 
After an acclimation period of one week, they were diluted and cultivated on 
solid medium to obtain pure colony. The pure colony was picked back to the 
liquid medium, and after another one week of acclimation, it was incubated in 





Table 3-2   F2 Medium 
Component Milligram per litre distilled water 
NaNO3 75.000  
NaH2PO4·H2O 5.000  
Na2SiO3·9H2O 30.000  
Na2-EDTA 4.360  
FeCl3·6H2O 3.160  
CuSO4·5H2O 0.010  
ZnSO4·7H2O 0.022  
CoCl2·6H2O 0.010  
MnCl2·4H2O 0.180  
Na2MoO4·2H2O 0.006  
Thiamine HCl (vit. B1) 0.100  
Cyanocobalamin (vit. B12) 0.0005  
Biotin (vit. H) 0.0005  
 
Cell growth was monitored by measuring the optical density at 680 nm (OD680) 
using a UV–Vis spectrophotomete (DR/4000U, Hach Company) every 
morning from 0 to 18 day after incubation. Cell counting was performed with 
a TC20™ Automated Cell Counter (BioRad).  
 
The initial cell concentration of M. viridis and T. suecica was about 6×106/ml 
(OD680=0.8) and 4×106/ml (OD680=1) respectively. The linear curve fit is 
plotted between concentration and absorbance after serial dilutions, and the 






3.3 UV irradiation experiments  
 
Log-phase microalgae culture was used to study the UV disinfection and 
repair in this study. The cells were collected by centrifugation (4,500 g, 5 min), 
washed twice with 9ml of distilled water, and subsequently suspended in 
distilled water or natural or synthetic water under different levels of turbidity, 
TOC and salinity, achieving a concentration of approximately 106 cells/mL.  
 
UV irradiation was carried out using the Rayox® bench-scale collimated beam 
apparatus (Model PS1-1-220, Calgon Carbon Corporation) equipped with a 
MP (1 kW) UV lamp (Fig. 3-2). 10 mL of the diluted microalgal suspension 
was dispensed into a 6 cm diameter sterile plastic Petri dish and exposed to 
MP UV radiation. The UV doses investigated ranged from 25 to 500 mJ/cm2 
and were determined as previously described by Bolton and Linden (2003) 
and Zimmer and Slawson (2002). Microalgal suspensions were stirred 
throughout the irradiation process. 100 µl samples were taken before and after 
irradiation for real-time polymerase chain reaction (RT-PCR), while the rest of 
the sample was covered and used for photoreactivation and dark repair studies.  
 
1) Turbidity experiments. Kaolin clay with tendency to swell and its active 
surface was chosen as the representative of inorganic particles and a 
potential worst particle for shielding. UV exposure was performed in three 
levels of turbidity water (1, 10 and 30 NTU) which were obtained by 
seeding different amount of kaolin clay to sterile water. Turbidity was 
measured with HACH 2100N turbidimeter (Hach Co, Loveland, Colo.).  
 30 
 
2) TOC experiments. Humic acid (Sigma-Aldrich, Switzerland) stock 
solution was prepared by stirring the humic acid solution overnight 
followed by filtration through a 0.45 μm membrane, and then the solution 
was diluted to be 3, 6, and 15 mg/L determined by the TOC-VCSH Total 
Organic Carbon (TOC) analyzer (Shimadzu, Japan).  
 
3) Salinity experiments. Microalgae were suspended in two types of water 
(artificial seawater (ASW) and natural seawater (NSW)). ASW was 
prepared as described by Lleò et al. (2005), two levels of salinity of which 
(1% and 3%) were achieved using an Agilent 3200M Multi-Parameter 
Analyzer (Agilent Technologies Inc., USA). Natural seawater was taken 
from the western coast of Singapore and passed through a 0.45 μm sterile 
filter (Millipore, Co., USA).  
 
 
Fig. 3-2   Collimated beam apparatus for UV disinfection 
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3.4 Three-dimensional fluorescence spectroscopy  
 
The excitation emission matrix (EEM) fluorescence spectra recorded on a 
fluorescence spectrometer (Model Cary Eclipse, Varian, USA) was obtained 
in 3 ml of microalgae samples in sterile distilled water and irradiated at UV 
doses from 25 to 500 mJ/cm2. The spectrometer used a xenon excitation 
source, and slits were set to 5 nm for excitation and emission. Both the 
excitation and emission range were 200 to 800 nm with 5 nm increments.  The 
PMT Detector Voltage was set to Medium.  
 
3.5 Photoreactivation and dark repair  
 
Photoreactivation and dark repair were carried out after irradiation at a UV 
dose of 200 mJ/cm2. For photoreactivation, 10 ml irradiated microalgal 
suspensions were magnetically stirred to ensure that they were well mixed and 
placed under fluorescent light using two 24W fluorescent light lamps 
(National, Matsushita Electrical Industrial Co. Ltd, Japan) with intensity of 
6000 lux for 12 h. The light intensity was measured using a digital luxmeter 
(Model E2, B. Hagner AB, Sweden). The temperature for the repair 
experiments was maintained at 25 ± 1 °C. For dark repair, the samples were 
kept in the dark and covered with aluminum foil to avoid light exposure, and 
other procedures were the same as for photoreactivation. 100 µl samples were 





3.6 Real-time polymerase chain reaction (RT-PCR) 
 
For M. viridis, DNA was isolated and purified by DNeasy Blood & Tissue Kit 
(Qiagen). For T. suecica, DNA was extracted according to DNeasy Plant Mini 
Kit (Qiagen). The isolated DNA was used as a template for RT-PCR reaction 
following the protocol of QuantiTech SYBR Green RT-PCR Kit (Qiagen), and 
amplification was performed using an iCyclerTM standard thermocycler 
(BioRad).  
 
Table 3-3   List of the RT-PCR primers for M. viridis and T. suecica. 
Species Primers Sequences (5'→3') Source 
M. viridis 
16SF GGGGAATTTTCCGCAATGGGCGAAAGCCTGACGGAG Baqué et al., 
2013 
16SR CGGGCGGTGTGTACAAGGCCCGGGAACGTATTCACC 
T. suecica 18SF AAACTYAAAGRAATTGACGG      Simonelli et al., 2009 18SR GACGGGCGGTGTGTRC 
 
The primers for the RT-PCR were listed in Table 3-3. For both M. viridis and 
T. suecica, 50 µl reaction volumes contained 25 µl of 2×QuantiTech SYBR 
Green Master Mix (Qiagen) and 0.1 mM of each primer. For M. viridis, 
ampliﬁcation was performed as follows: initial template denaturation (95 °C 
for 10 min); 40 ampliﬁcation cycles (94  °C for 1 min; 60 °C for 1 min; 72 °C 
for 1 min) and a ﬁnal extension step (72  °C for 10 min). Fluorescence was 
measured after 72 °C of each cycle. For T. suecica, ampliﬁcation was 
performed as follows: initial template denaturation (95 °C for 15 min); 40 
ampliﬁcation cycles (94  °C for 30 s; 52 °C for 30 s; 72 °C for 30 s; 78 °C for 2 
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s) and a ﬁnal extension step (72  °C for 10 min). Fluorescence was measured 
after 72 °C of each cycle. 
 
3.7 Enzyme-linked immunosorbent assay  
 
The ELISA assay was used to determine the accumulation of CPDs. Briefly, 
DNA was extracted from 10 mL of lysed M. viridis or T. suecica cells 
according to DNeasy® Blood & Tissue kit (Qiagen, Germany). DNA was 
determined by the absorbance at 260 nm and diluted in PBS to a final 
concentration of 0.2 μg/mL. The CPDs content was measured according to the 
protocol of a commercial ELISA kit (Clone TDM-2, Cosmo Bio, Tokyo), and 
qualified with a Sunrise TECAN spectrophotometer (TECAN, Austria GmbH) 
at 492 nm. Samples were analyzed before and after UV irradiation at 200 
mJ/cm2. 
 
3.8 Data analysis  
 
The Log reduction of the test microorganisms was calculated as:  
Log reduction=log (Ni/N0)                (1) 
where Ni is the initial concentration of microalgae before UV disinfection (log 
CFU/mL), and N0 is the concentration of microalgae immediately after UV 
disinfection (log CFU/mL).  
 









−              (2) 
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where Nt is the concentration of microalgae at time of exposure, t, after UV 
irradiation (log CFU/mL).  
 
All experiments were repeated three times to ensure the validity and 
reproducibility of the experimental data. Data are presented in mean ± 
standard deviation. One-way ANOVA with post hoc least significant 
difference (LSD) was conducted to assess the significance of effects of 




CHAPTER 4      RESULTS AND DISCUSSION  
 
This section covers the results of growth study, inactivation and repair of M. 
viridis and T. suecica following MP UV disinfection. In particular, the 
inactivation ability and repair potential of these two microalgae following UV 
disinfection under three different factors of turbidity, TOC and salinity were 
evaluated and compared.  
 
4.1 Growth curve of microalgae  
 
The standard curves of correlation between OD value and cell concentration 
for M. viridis and T. suecica are shown in Figs. 4-1 and 4-2 respectively. 
 





















y = 6.39883x + 0.1011
R2 = 0.99668
 























y = 3.2361x + 0.01722
R2 = 0.99029
 
Fig. 4-2   The standard curve for T. suecica 
 
These two parameters (the cell concentration and OD680) showed a linear 
relationship in both standard curves (r2>0.99 for both). Thus, changes in OD680 
resulted in a predictable change in the cell concentration. The slope of the 
standard curve for M. viridis was higher than that for T. suecica, which may be 
attributed to their different optical absorptivity caused by the smaller size of M. 
viridis (5 µm) compared to that of T. suecica (9.5 µm) (Frankovitch et al., 
2007). 
 
Fig. 4-3 and Fig. 4-4 show the growth curve for M. viridis and T. suecica 
respectively. It can be found that M. viridis grows much faster than T. suecica, 
which may be due to relatively smaller size and higher concentration of N and 
P in MLA medium which was used to incubate M. viridis. In the present study, 
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M. viridis and T. suecica were harvested on Day 14 and Day 6 to obtain a log 
phase culture respectively.  
 







 M. viridis     







Fig. 4-3   Growth curves for M. viridis and T. suecica: the increase in OD680 
over 18 days 
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Fig. 4-4   Growth curves for M. viridis and T. suecica: the increase in the cell 
concentration over 18 days 
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4.2 UV inactivation of M. viridis and T. suecica  
 
Real-time PCR was used to monitor the concentration of both algae strains by 
detecting the targeted gene sequences. The standard curves of real time PCR 
for M. viridis as well as for and T. suecica are shown in Fig. 4-5 and Fig. 4-6 
respectively, obtained by plotting the log values of cell concentration versus 
Ct value of real-time PCR.  
 
Fig. 4-7 shows the inactivation of M. viridis and T. suecica following MP UV 
disinfection in sterile distilled water, which will be used as the controls for the 
water quality effects studies.  
 











Fig. 4-5 The standard curve for M. viridis (RT-PCR) 
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Fig. 4-7 MP UV dose-response curves for M. viridis and T. suecica in sterile 




It can be seen that for both types of UV radiation, at high UV doses (long time 
exposure to UV light), the inactivation rate decreased and tailed off (tailing 
effect), which possibly due to shielding or clumping of the microalgae. Tailing 
effect was also observed in previous reports of Carney (2011) in which the log 
reduction of T. suecica was 1.06 and 0.96 after 1700 and 2200 mJ/cm2 MP UV 
treatment, respectively. It was also found that for M. viridis, a higher UV dose 
of 400 mJ/cm2 was needed to achieve 3-log reduction compared to 200 
mJ/cm2 UV dose for T. suecica, revealing that T. suecica is more sensitive to 
UV than M. viridis. One plausible interpretation for the lower sensitivity of M. 
viridis is smaller size with larger surface area: volume ratio which sustains 
greater amount of damage per unit of DNA and tended to have higher D37 
values indicative of greater UV resistance, as is the case for Antarctic diatoms 
(Karentz et al., 1991).  
 
For Tetraselmis, Liltved et al. (2011) investigated the dose-response behavior 
of T. suecica to LP UV radiation, and found that an UV dose of 100-150 
mJ/cm2 was required for 90% inactivation. However, in the present study, it 
was also found that lower UV doses (25-50 mJ/cm2)were required to achieve 
the same log reduction of T. suecica when MP UV radiation was employed, 
indicating that MP UV disinfection was more efficient than LP UV 
disinfection. This has been reported previously for E. coli strains (Hu et al., 
2005), and is likely due to the more intense radiation and broader wavelength 
spectrum emitted by MP UV lamps that caused damage to intercellular 
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Fig. 4-8 Effects of turbidity, TOC and salinity on UV inactivation of M. viridis 
by MP lamps. Error bars represent standard deviations of three experiments. 
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Fig. 4-9 Effects of turbidity, TOC and salinity on UV inactivation of T. 
suecica by MP lamps. Error bars represent standard deviations of three 
experiments. ASW: artificial seawater, NSW: natural seawater. 
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Water quality effect 
The results of the effect of turbidity, TOC and salinity on log removal of M. 





For M. viridis, as shown in Fig. 4-8A, it was noted that at low UV doses (25-
200 mJ/cm2), lower UV inactivation levels were obtained when turbidity was 
higher than 1 NTU as compared to those of the controls. However, when UV 
dose increased to 200 mJ/cm2, the influence of turbidity on M. viridis 
inactivation efficiency became less noticeable, indicating that at high turbidity, 
MP UV disinfection performance of M. viridis can be improved by increasing 
UV doses. For T. suecica, increased turbidity levels had no obvious influence 
on the inactivation efficiency at low UV doses (25-200 mJ/cm2), whereas 
turbidity hindered MP UV disinfection at high UV doses (200-500 mJ/cm2) 
(Fig. 4-9A).  
 
Turbidity affects UV disinfection process in two ways: they may decrease the 
UV transmittance of the water and affect dose delivery or may shield 
microorganisms from UV light, thus altering the characteristics of the dose 
response curve (Passantino et al., 2004). Gullian et al. (2012) studied the effect 
of turbidity on the UV effectiveness of removing heterotrophic bacteria (HB) 
from two commercial recirculating aquaculture systems (RAS) and found that 
the effectiveness of UV disinfection decreased with increasing turbidity levels. 
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Moreover the UVC disinfection in RAS2 was less efficient than in RAS1. 
Dehghani et al. (2013) investigated the effect of turbidity on inactivation 
efficiency of larva and adult Rhabitidae in municipal water, and reported that 
increase of turbidity up to 25 NTU decreased inactivation efficiency of larvae 
and adult nematodes from 100% to 66% and 100% to 64% respectively after 
exposure to a LP UV dose of 14.4 mJ/cm2. In line with previous studies 
mentioned above, it was demonstrated that the presence of turbidity (above 1 
NTU) adversely affects the overall removal of M. viridis and T. suecica after 




The log reduction of M. viridis decreased with the TOC increasing from 3 
mg/L to higher value when the lower UV doses were applied (25-200 mJ/cm2) 
(Fig. 4-8B). Humic acids were spiked into the water to adjust the TOC. It is 
known that humic acids can not only absorb UV light (Lee et al., 2009; Wright 
and Cairns, 1998), but also act as reactive oxygen species (ROS) scavenger 
(Ou et al., 2011), thus decreasing bactericidal effect. However, at higher UV 
doses (200-500 mJ/cm2), there was no signiﬁcant difference between the log 
reduction of M. viridis between the samples with and without humic addition, 
suggesting TOC had a negative impact on MP UV disinfection especially at 
lower UV doses.   
 
For T. suecica, the impact of TOC on log reduction was more significant at 
higher UV doses (50-500 mJ/cm2) compared to that at 25 mJ/cm2 (Fig. 4-9B), 
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which is different from M. viridis. Similar results were reported for bacteria (E. 
coli and B. subtilis) (Cantwell et al., 2008). It is speculated that the impact of 
humic matter on the inactivation of T. suecica was smaller than the variation 
within the data set for UV dose of 25 mJ/cm2 when only 0.8 log reduction was 
achieved. Another plausible interpretation is associated with the interaction 
between humic matter and the bacterial surfaces. Due to much larger size of T. 
suecica (9.5 μm) compared to E. coli and B. subtilis, T. suecica may have 
more attachment sites for humic acid, which may coat the surface of T. 
suecica, protecting them from UV disinfection. For the samples exposed to 25 
mJ/cm2, perhaps only a small portion of the cells were affected by the humic 
coating and therefore no appreciable impact was seen for 0.8 log reduction. 





For M. viridis, lower log reduction levels were observed at salinity levels 
above 1%, although the detrimental influence of salinity on M. viridis survival 
was less pronounced at high salinity (3%) than at low salinity (1%) (Fig. 4-8C). 
M. viridis as freshwater blue-green algae is considered non-halophile because 
this organism can tolerate low saline concentrations and the growth of M. 
viridis normally decreases with the increase of salt concentration. However, in 
this study, it seems that the uncomfortable condition (higher salt 
concentrations (1-3%)) may stimulate M. viridis tolerance to environmental 
stress, making them less vulnerable against the UV light, which needs further 
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evaluation. Such adverse impact of salinity on UV inactivation has been 
reported by Rubio et al. (2013) in which the disinfection efficiency of E. coli 
by UV radiation decreased when increasing the solution salt concentration 
probably owing to the fact that the UV light attenuation is greater than the 
advantages due to radical formation.  
 
For T. suecica, compared with the log removal by MP UV irradiation in 
distilled water, no significant inhibition effects of salinity were found in 1% 
ASW until the UV dose was higher than 200 mJ/cm2, whereas the effect of 
salinity on UV inactivation were negligible in 3% ASW and 3% NSW 
compared to the controls at all UV doses, which may be attributed to salt-
tolerance of T. suecica (Fig. 4-9C). Compared to M. viridis, such a salt-
tolerant alga as T. suecica appears less sensitive to salinity changes under MP 
UV irradiation. It is known that organic matter and inorganic ions exposed to 
UV light can not only absorb UV light (Wright and Cairns, 1998) but also 
form radicals that interact with bacteria (Buschmann et al, 2005). The overall 
effect of salinity on UV inactivation is likely dependent on whether the UV 
light attenuation is greater than the promoting effects due to radical formation.  
 
4.3 Three-dimensional fluorescence spectroscopy (TDFS) 
 
The TDFS results for M. viridis and T. suecica are shown in Figs. 4-10 and 4-
11 respectively. As can be seen in these two figures, both had Peaks T1 and 
T2 maxima at λemission = 335nm and λexitation = 280nm (T1) and 225nm (T2), 
which are tryptophan-like (protein-like). This is common for microorganisms 
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and has previously been observed for algae, such as the diatom Nitzschia 
(Determann et al., 1998) and the green algae, S. quadricauda (Nguyen et al., 
2005). Compared with non-irradiated samples (Figs. 4-10A and 4-11A), the 
fluorescence intensity of the tryptophan-like was noted to decrease with the 
increase of UV doses for both M. viridis and T. suecica. An obviously 
decreased fluorescence occurred with UV dose increasing from 100 to 200 
mJ/cm2 for M. viridis and from 300 to 400 mJ/cm2 for T. suecica presented in 
Fig. 4-10 and Fig. 4-11.  
 
In addition, it can be seen from Fig. 4-10 that photosynthetic pigment 
phycocyanin (λem650/λex620, Beutler, 2003) in M. viridis was increased at lower 
UV doses (25-200 mJ/cm2), generating the stimulatory effects termed as 
“hormesis” (Stebbing et al., 1982), and decreased at higher UV doses (200-
500 mJ/cm2) perhaps because of their structure damage and synthesis 
inhibition (Six et al., 2007). Phycocyanin plays a key role in light capture and 
transduction and its decrease would reduce the photosynthesis ability of algae 
(Ramus, 1981). 
 
A decline was recorded for photosynthetic pigment chlorophyll a (λem690/λex680; 
λem690/λex436) and chlorophyll b (λem690/λex652; λem690/λex472) especially at 200-
500 mJ/cm2 for T. suecica (Fig. 4-11), indicating the interruptions occurred in 
both light energy harvesting and downhill transfer, and inhibition effects of 
UV irradiation on photosynthetic pigments may also act as a photoprotection 
















































































































































Fig. 4-10 Comparison of three-dimensional fluorescence spectra of M. viridis 
in sterile distilled water and irradiated at UV doses from 25 to 500 mJ/cm2. A-
distilled water, B-25 mJ/cm2, C-50 mJ/cm2, D-100 mJ/cm2, E-200 mJ/cm2, F-











































































































































Fig. 4-11 Comparison of three-dimensional fluorescence spectra of T. suecica 
in sterile distilled water and irradiated at UV doses from 25 to 500 mJ/cm2. A-
distilled water, B-25 mJ/cm2, C-50 mJ/cm2, D-100 mJ/cm2, E-200 mJ/cm2, F-
300 mJ/cm2, G-400 mJ/cm2, H-500 mJ/cm2.  
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4.4 Photoreactivation and dark repair of M. viridis and T. suecica 
after UV disinfection 
 
Fig. 4-12 shows the percentage log repair of M. viridis and T. suecica after 
exposure to fluorescent light or incubation in the dark following MP UV 
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Fig. 4-12  Percentage log repair of M. viridis and T. suecica after exposure to 
fluorescent light or incubation in the dark following MP UV disinfection in 
sterile distilled water. Error bars represent standard deviations of three 
experiments. 
 
It can be seen that when a germicidal UV dose of 200 mJ/cm2 was applied, the 
maximal percentage of photoreactivation achieved within 12 h was 28.9% and 
4.9%, for M. viridis and T. suecica, respectively, suggests that the strains more 
resistant to UV radiation are likely to achieve higher repair levels (Quek and 
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Hu, 2008). It is also evident that dark repair levels are much lower than those 
for photoreactivation, no matter which indicator organism was used. It is also 
interesting to note that dark repair did not occur for T. suecica after MP 
exposure, indicating that MP UV radiation which has a broad wavelength 
spectrum may have induced some delayed mutagenic effects in the cells which 
continued to kill the cells after disinfection. While for M. viridis a maximum 
of 5.3% log repair was achieved after 6 h of incubation in the dark following 
MP UV disinfection, indicating considerable variability in repair ability 
among species.  
 
Water quality effect 
The effects of turbidity, TOC and salinity on the photoreactivation and dark 
repair of M. viridis and T. suecica after 200 mJ/cm2 UV treatment are shown 




In theory, high turbidity may decrease photoreactivating light intensity 
reaching targeted organisms thus inhibiting photoreactivation. Such 
expectation has been confirmed by repressive effects exerted by turbidity on 
the achieved final photo repair of T. suecica, although the correlation between 
turbidity and photoreactivation was not statistically significant in line with 
previous studies (Lindenauer and Darby, 1994). However, photoreactivation 
levels of M. viridis did not change with increasing turbidity. As shown in Figs. 
4-13A and 4-14A, it is evident that for these two algae, dark repair levels are 
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consistently much lower than that for photoreactivation in distilled water or 
with 1 to 30 NTU turbidity (except for 30 NTU case for T. suecica). For M. 
viridis, the effect of turbidity on dark repair was negligible when turbidity was 
higher than 1 NTU. T. suecica cell number decreased during incubation in the 
dark following MP UV disinfection at turbidity of 1 NTU, indicating that dark 
repair was even more suppressed. Lower but no significant dark repair levels 
were observed in the presence of turbidity (10 and 30 NTU) compared to those 
in distilled water. Based on the results, it seemed that photoreactivation of M. 
viridis and T. suecica may potentially occur in turbidity water, whereas the 
effect of turbidity on the dark repair levels are however dependent upon 




Very limited work has been done on the effect of TOC on photoreaction and 
dark repair of microalgae. For M. viridis, 3 mg/L of TOC did not induce a 
significant difference in the extent of photoreactivation and dark repair, 
whereas provision of 6 mg/L or higher of TOC gave higher cell numbers after 
12 h fluorescence light exposure or in the dark with about 6-25 % higher 
repair levels compared with those in distilled water (Fig. 4-13B). An inverse 
relationship between TOC (3-15 mg/L) and photo repair levels was observed 
for T. suecica. There was no significant change in dark repair levels with 





As shown in Fig. 4-13C, for M. viridis, there is no any obvious trend or 
correlation between salinity and repair levels of photoreactivation and dark 
repair, implying that photo and dark repair levels are independent of salinity. 
While in terms of T. suecica, as the salinity increases, the log repair decreases 
in the presence or absence of light (Fig. 4-14C).  
 
The repressive effect of salinity on photoreactivation has been reported in 
previous studies. Chan and Killick (1995) found that the ability of E. coli to 
photoreactivate declines sharply at above 30% of salinity of synthetic sea 
water (0.9%) and levels off at 70% of salinity (2.1%). Additionally, Baron and 
Bourbigot (1996) also observed that when the salinity of effluent reached an 
average of 2.4% after 3 h incubation, the photo repair rates of E. coli were 
very low and no repair was observed for enterococci, implying that 
photoreactivation would not pose high risk in marine water environment. 
Oguma et al. (2013) reported that photoreactivation of E. coli was 
significantly suppressed in NaCl solution at 2.4% or higher but not affected in 
NaCl solution at 1.9% or lower. However, such inhibition effects on 
photoreactivation were not found in M. viridis in this study, which needs 
further evaluation. This study also reveals that the effect of salinity on dark 
repair seems to be related with different species of algae. It can be inferred 
that M. viridis in UV-treated ballast water may possess a potential 
photoreactivation and dark repair after being discharged to brackish water or 
seawater, whereas high salinity (above 1%) can suppress the occurrence of 
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Fig. 4-13  Effects of turbidity, TOC and salinity on the photoreactivation and 
dark repair of M. viridis for 12 h with a UV dose of 200 mJ/cm2. ASW: 
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Fig. 4-14   Effects of turbidity, TOC and salinity on the photoreactivation and 
dark repair of T. suecica for 12 h with a UV dose of 200 mJ/cm2. ASW: 
artificial seawater, NSW: natural seawater. 
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4.5 Enzyme-linked immunosorbent assay  
 
The amount of CPDs was determined by ELISA to figure out a potential role 
for DNA repair in cellular recovery after UV irradiation.  Both DNA repair 
(Fig. 4-15) and cell regrowth (Fig. 4-12) obviously occurs under light 
conditions not for T. suecica but for M. viridis, indicating that the mechanism 
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Fig. 4-15   CPDs repair of M. viridis and T. suecica after 12 h exposure to 
fluorescent light or incubation in the dark following  MP  UV disinfection 
(200 mJ/cm2) in sterile distilled water at a constant light intensity of 6000 Lux. 
Error bars represent standard deviations of three experiments.  
 
The fact that no correlation between CPDs repair and cell numbers after 
exposure to light or in the dark was found for T. suecica suggests that further 
research should be done to unravel other mechanisms including how and in 
what ways MP UV mediates growth suppression and cellular recovery, such as 
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the impact of TOC on photosynthetic responses after MP UV exposure for T. 
suecica given that it has been reported that T. suecica is capable of repairing 
its UV-damaged photosynthetic system (Park and Han, 2009). Therefore, in 
this section the relationship between DNA repair and cell regrowth was only 
discussed for M. viridis. 
 
The effect of turbidity on CPDs removal efficiency after 12 h of incubation 
with light was not statistically significant  (except for 1 NTU case) (Fig. 4-
16A), which was generally consist with that obtained in the cellular study. In 
terms of TOC effect, as shown in Fig. 4-16B, more cyclobutane pyrimidine 
dimers (CPDs) were repaired with the increasing of TOC after 12 h of 
incubation with or without light following MP UV exposure, which was in 
accordance with cellular level results as shown in Fig. 4-13B. However, in 
other cases there was no significant correlation between cell numbers and the 
amount of CPDs after UV irradiation, indicating that maybe the ELISA 
method was not accurate enough for precisely measuring CPDs, or other types 
of DNA damage induced by UV radiation such as 6-4PPs and Dewar isomer 
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Fig. 4-16   CPDs repair of M. viridis after 12 h exposure to fluorescent light 
or incubation in the dark following  MP  UV disinfection (200 mJ/cm2) at 
various turbidity (A), TOC (B) and salinity (C) levels and a constant light 








1) In conclusion, T. suecica is more sensitive to UV inactivation than M. 
viridis, and tailing effect occurred at high UV doses for both of them.  
2) The fluorescence spectra showed a decrease in the content of protein-like 
with the increase of UV doses for both M. viridis and T. suecica, and a 
reduction in the chlorophyll content under UV stress for T. suecica. The 
phycocyanin content in M. viridis was increased at low doses (25-200 
mJ/cm2) and decreased at high doses (200-500 mJ/cm2).  
3) After treatment with 200 mJ/cm2 UV dose, 28.9% of M. viridis and 4.9% 
of T. suecica were reactivated after 12 h under a ﬂuorescent lamp.  M. 
viridis exhibited dark repair after MP exposure, although it was of a lesser 
extent (5.3%) compared to that of photo repair, whereas dark repair does 
not occur with T. suecica.  
4) In general, the repressive effect of turbidity and TOC on the inactivation of 
M. viridis or T. suecica was found to be more significant at low doses (25-
200 mJ/cm2) and high doses (200-500 mJ/cm2) respectively. Salinity has a 
more profound detrimental effect on M. viridis than T. suecica.  
5) In term of repair, for M. viridis, the effect of turbidity and salinity on 
photoreactivation and dark repair is less significant, whereas high TOC 
levels (6-15 mg/L) can promote photoreactivation and dark repair, which 
could be related to more efficient removal of CPDs with TOC increasing. 
Increased levels of these three factors prevented photoreactivation of T. 
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suecica, and no T. suecica regrowth after inactivation in the dark was 
observed across a range of turbidity (1, 10, 30 NTU), TOC (3, 6, 15 mg/L) 
and salinity (1%, 3%).  
6) Further mechanism studies such as the association of UV-induced DNA 
damage and photosynthetic capacity with cell number reduction should be 
conducted for better understanding the effect of environmental factors on 
the inactivation/reactivation of microalgae.  
 
5.2 Limitations and Recommendations 
 
In this thesis, the focus of the research was on inactivation and repair of M. 
viridis and T. suecica, with an attempt to investigate three important 
environmental factors consisting of turbidity, TOC and salinity. Unfortunately, 
because of time limits, the water used for resuspension of microalgae may not 
truly represent real water matrices for studying these three factors. Therefore, 
the results may be not the same in actual environment. Moreover, the factors 
above are just part of environmental conditions that may affect UV 
inactivation and repair. The mechanisms involved in how and in what ways 
LP and MP UV mediates growth suppression and cellular recovery needs 
further investigation.  
 
In view of these limitations, additional studies as described below could be 




1) Currently, UV disinfection systems are commercially available reactors 
for drinking water disinfection. It would be better if their inactivation 
efficiency was studied in actual ballast water under different turbidity, 
TOC and salinity conditions, the results of which can be compared with 
that of this laboratory study. 
 
2) Other than these three factors, environmental conditions including pH, 
temperature, flow rate and other water characteristics can be investigated 
with regards to the impact on inactivation and repair following UV 
disinfection.  
 
3) Apart from RT-PCR and ELISA assay, other simple and quick methods 
such as flow cytometry and endonuclease sensitive site (ESS) assay can 
be used to study the effects of UV irradiation on growth, cell integrity and 
DNA damage.  
 
4) Moreover, for algae, both DNA damage and photosynthetic functions 
should be evaluated, given their contributions to cell growth (Sakai et al., 
2007a; Tao et al., 2013) and their direct connection with each other (Vass 
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